This paper presents a performance evaluation of a shaft speed control using a magnetorheological brake (MR brake). The MR brake consists of a rotating disk that is immersed in magnetorheological fluid (MR fluid). The rheology of the fluid changes under the influence of a magnetic field. Two controllers are proposed in this work: onoff and proportional-integral-derivative (PID). The on-off controller acts as the benchmark controller through computer simulation and experimental testing. Load tests have been considered in order to evaluate the controller's effectiveness in braking the wheel shaft at 50, 100 and 150 N in varying speeds of 300, 500, 700 and 900 rpm. The results obtained in the simulation and the experiment are compared and discussed. The PID controller shows good performance compared to the on-off control where the error percentages of the PID control, which are below 10%, are lower than the on-off controller.
INTRODUCTION
Nowadays, drive (throttle, steering and brake) by wire (X-by-wire) systems have improvement potential by minimizing the number of parts used in the system. The Xby-wire system has been employed in several vehicle areas such as vehicle steering, suspension and braking systems [1] [2] [3] [4] [5] . The MR (magnetorheological) brake is an X-bywire system that employs MR fluid where the fluid thickens dramatically under the influence of a magnetic field. The MR brake consists of a rotating disc immersed in MR fluid in the enclosure of an electromagnetic coil. The applied magnetic field increases the yield strength of the MR fluid and decreases the rotational speed of the shaft. MR fluid is a smart fluid in which its viscosity is increased when the strength of the magnetic field is increased. MR fluid is made up of micron sized suspensions measuring between 1 and 10 microns. The yield strength of MR fluid can be controlled by changing the strength of the applied magnetic field. The rheological response of MR fluid results from the polarization induced in the suspended particles by application of an external field. The interaction between the resulting induced dipoles causes the particles to form a columnar structure, parallel to the applied field. These chain-like structures restrict the motion of the fluid, thereby increasing the viscous characteristics of the fluid. The mechanical energy needed to yield these chain-structures increases as the applied magnetic field increases resulting in a field dependent yield stress. The behavior of controllable fluids is often represented as a Bingham plastic having variable yield strength [5] [6] [7] .
The application of an MR fluid in a braking system is relatively new. The design and experimental evaluation of an MR brake have been presented and introduced with an amplifying factor to evaluate brake performance [8] The design optimization procedure uses simulated annealing combined with finite element simulations involving magnetostatics, fluid flow and heat transfer analysis [8] .Other studies focus on the braking response of inertia/load by using an electro-rheological (ER) brake for ERrobotic applications, in terms of ER braking velocity response, in order to halt the robot arm rapidly [9] . [10] proposed a new MR brake structure using the waveform boundary of a rotary disk generating more resistance torque compared with the conventional MR brake. Furthermore, the MR brake system has been implemented in other applications, such as joysticks, prosthetic knees and artificial muscle manipulators [11] . Through simulation, previous researchers have implemented the sliding mode controller using the MR brake to evaluate optimal wheel slip that shows fast anti-lock braking [12] . This paper discusses the performance evaluation of a controller using an MR brake under various speeds and loads. The aim of this work is to evaluate the performance of a shaft speed control in terms of overshoot and settling time using an MR brake. Two types of controller will be presented: the on-off and the PID. Each controller performs using three caseloads. The outline of this paper is as follows. Section II presents a description of the control strategy of the MR brake system. Section III describes the experimental setup and the MR brake test procedure. Section IV gives the experimental results of the shaft speed control. Finally, the conclusions and recommendations for future work are presented.
CONTROL STRATEGY OF THE MAGNETORHEOLOGICAL BRAKE SYSTEM
In order to realize the effectiveness of an MR brake, the controller is required to adjust the current in the coil on the brake periodically to maintain the torque. Figure 1 shows the control schematic. In this scheme, two typical control strategies are implemented in the MR brake system based on a classic controller. First, the bang-bang or on-off controller and second a conventional PID controller. The on-off controller is the simplest control referred to as the on-state and the off state. The on-state means that the current is fully applied to the MR brake coil and the off state that no current is applied. In contrast, the PID controller continuously applies the current with different duty cycle times to provide variable current to the MR brake. In order to reach and maintain the desired rotational speed, the maximum current is applied to the MR brake coil when the actual rotational speed is lower than the desired rotational speed, while no current is applied if the actual rotational speed is lower than the desired speed.
The on-off controller algorithm can be expressed in the time domain as: Figure 1 . Schematic diagram of the control system.
The value of can be assigned based on the system's response to reach the desired value. This value will be assigned as the proportional value for the PID controller. As mentioned in the first section, the proposed controller in this study is a conventional PID controller. The conventional PID controller consists of three parameters, the proportional gain ( ), the integral gain, i ( ) and the derivative gain,
where the intention of the gains is to correct the error (e)t which is the difference between the desired and actual values. The input current to the MR brake coils is expressed as i(t) such as denoted in Eq. (4).
The PID controller was designed by an implemented trial and error method and the actual controller is proved by sensitivity analysis. The PID controller systems must operate in a closed-loop system. The proportional parameter is defined and the parameter is already obtained by using the on-off parameter ( ). The process is continued by adjusting the integral and derivative gains to make the system stable. Furthermore, the trial and error method is an easier way to improve the rise time, steady-state error and overshoot which are the parameters being tweaked. Moreover, adjusting the PID parameters will produce different effects on the system [13] .
EXPERIMENTAL SETUP
An instrumented experimental MR brake test rig was set up as shown in Figure 2 . The test rig consists of a three phase electric motor that functions to drive the MR brake shaft where it is coupled via a pulley to an A-type V-belt. The speed from the motor is transmitted to the MR brake shaft using a tensional bearing that is fitted beside the electric motor. Next, the housing of this MR brake is coupled to a load cell via an arm 238 mm long to measure the braking torque. An antilock brake system (ABS) sensor is used to measure the rotational speed of the MR brake system. The MR brake test rig is equipped with an I/O device, namely an integrated measurement and control (IMC) device that is used to provide signal processing for the sensory system. These signals are digitally processed and stored in a personal computer using the ONLINE FAMOS control software. A DC power supply manufactured by GW-INSTEK is used to supply
electric currents to the MR brake electromagnetic coil. In this experiment, the current driver is used to amplify the signal coming from the IMC device the output of which is typically less than 0.4 mA, inadequate to magnetize the MR brake coil. The output from the IMC device is connected to the microcontroller in order to generate PWM (pulse width modulation) to drive the current driver and is given continuously to the MR brake coils [8, 10, 12] . In this work, the speed from the electric motor is passed continuously to the MR brake shaft where the actual rotational speed is 1200 rpm. The electric current applied to the coil will increase the yield stress of the MR fluid and slow the velocity of the shaft until the shaft reaches the desired speed by using the proposed controller. The current is given rapidly to the MR brake coils to adjust the yield stress of the MR fluid that will provide the torque that slows the shaft's rotational speed. In the experiment, the desired rotational speed, that is 300 rpm, 500 rpm, 700 rpm and 900 rpm, is chosen to test the effectiveness of each controller. The 50 N, 100 N and 150 N loads were attached to every speed and the data has been captured.The characteristics of the MR brake are shown in Figure 3 where it can be seen that the torque generated by MR brake is almost proportional to the applied current and also independent of the input rotational speed. The torque generated by the MR brake corresponds with the change in current, and the rotational speed with the small difference in value of the torque at every speed, as can be seen in the Figure 3 .
EXPERIMENTAL RESULTS
The experiments were carried out with three caseloads, namely 50 N, 100 N and 150 N. In the experiment, the on-off controller is assigned as a benchmark of the PID controller system. The on-off controller is based on reference thresholds. For the PID controller, the controller parameters of , and are set as 44, 0.001 and 0.03, respectively. These parameters were obtained by trial and error through experiments. Thus, the PID control parameters were applied for all cases in the experiment.
The results determined from the experiment are superimposed on each other and the data captured and recorded. The rotational speed responses are compared in terms of overshoot and settling time for all caseloads. Four rotational speeds were controlled and examined to determine the percentage of overshoot and settling time from the desired rotational speed for each load. The experimental results for all cases are superimposed with lines where the solid line is defined as the desired speed, the dash-dot-dash line is denoted as the response of the on-off controller, while the dashed line is described as the response of the PID controller. The data from the experiments were captured between each controller and discussed. b is the target speed, a is the over target speed, 1 is the trigger time and 2 is the end time for all cases of speed and load. Next, the experimental data were superimposed and the data recorded. The experimental results of the shaft angular velocity response superimposed between the controllers at various loads are shown in Figure 5 . From this figure, it can be observed that the angular velocity response using the PID controller is better than that of the on-off controller. The shaft speed response with three caseloads are superimposed over each other and plotted from the actual speed to reach the desired speed/target speed. This will be undertaken using two types of controller, the on-off and PID, assigned to the IMC software device command. The results obtained are from the shaft speed responses of the three cases in terms of the overshoot and settling time data. Figure 5 shows the same decreasing trend for each caseload. The difference is that the shaft speed response exceeds the target when the onoff controller is used compared with the PID controller, showing that the on-off controller produced a higher overshoot of 10 to 20 rad/s for all shaft speeds. The PID controller performance is better than the on-off controller in reaching the target speed with a small error and settling time. The performance of the on-off and PID controllers is discussed. The summarized performance evaluation of the shaft speed control using the MR brake is given in Table 1 . The percentage overshoot between the on-off and PID controller is compared at various loads and speeds. From the table, it is clearly seen that the PID controller shows better performance compared with the on-off controller. The acceptable error for the controller is below 10%. From the table, the mean absolute percentages for the PID controller are 3.2 % for 50 N, 3.0 % for 100 N and 2.7 % for 150 N compared to the on-off controller at 30.9 % for 50 N, 20.2 % for 100 N and 15.6 % for 150 N. The reduction in the percentage values is due to the limitation of the MR brake to produce torque. However, the PID controller shows better performance in reaching the desired speed with a small of error. The comparison of the on-off and PID controllers in terms of settling time is also evaluated. The time taken for each load to reach consistency at the desired speed is compared between the controllers under various loads and speeds. Table 2 shows the captured summarized settling times for each controller. Using the PID controller, the settling times are lower than those of the on-off controller. This means that the absolute percentage error for the settling time using the PID controller is 17.9 % for 50 N, 27.5 % for 100 N and 33.9 % for 150 N of load compared to the on-off controller that has worse settling times in reaching the desired speed of the PID controller. The percentage errors for the on-off controller are 44.6 % for 50 N, 48.3 % for 100 N and 60 % for 150 N. Moreover, the increasing load will cause the torque to become saturated as the percentage error for settling time increases.
CONCLUSIONS
The shaft speed control performance using the MR brake was tested using two types of controller: the on-off and the PID. The results obtained from the experiments with each controller are compared and divided into three load cases. The PID controller shows good performance compared to the on-off control. The error percentages of the PID control are below 10% which is lower than those of the on-off controller. However, the settling time increases when the load is increased. This is due to the MR brake being limited in producing the braking torque. This brake can be implemented in other applications such as exercise machines, conveyer belts and in other applications where minimum torque is required to control the rotational speed.
